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Abstract
We stress the strongly observer-dependent nature of the ne-grained black
hole entropy as computed by usual methods. From the point of view of a
ducial observer, the 1-loop renormalized energy-momentum tensor diverges
at the horizon. Considering, more consistently, the computation of the black
hole entropy in the back-reaction-corrected curved background an ultraviolet
cut-o, needed to regularize the entropy, naturally araises. Examples of the
classical dynamics of test particles, strings and relativistic membranes in the
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Combining general relativistic and quantum mechanical concepts bring several known
problems. Among them, the impossibility to dene, in general, a unique quantum vacuum
and observer (or slice of time) independent quantum operators. Choosing a particular slice
of time produce results that are not generally covariant. However, if we restrict ourselves
to observations keeping xed this choice of time, we should obtain consistent results within
this view [1].
Recently, Susskind and collaborators [2,3] stressed the strongly observer-dependent na-
ture of the measurements in processes involving black holes. We here apply this view to
understand the emergence of a brick wall when one studies the dynamics of test particles,
fundamental strings, bosonic membranes and scalar elds propagating in the curved back-
ground of a black hole.
If one considers, in the framework of the complementarity principle, the measurements
of an observer located asymptotically far away from a black hole; one can obtain a physical
short-distance cut-o near the event horizon by considering the eects of vacuum polarization
as follows:
The vacuum expectation value of the energy-momentum tensor of elds living on the
curved background created by the presence of a black hole can be computed using the
technics of Quantum Field Theory in curved spaces [4]. The vacuum associated with our
asymptotic, at rest observer is known as the Boulware vacuum [5] and is denoted by jB >.
A rather simple approach to calculate the renormalized vacuum expectation value of the
energy-momentum tensor in static Einstein spaces has been put forward by Page [6]. This
approach provides an excellent approximation in the black hole case [7]. In particular, for a




































































Here N accounts for the number of elds and its helicities. The generalization of Eq. (1) for
the Reissner-Nordstrom black hole can also be found [9].
We rst observe that the < T


> in Eq. (1) diverges when r ! 2M , the event horizon
of a Schwarzschild black hole. It can be seen that this divergence is not an artifact of
Page's approximation, but corresponds to the physical fact that the observer labeled with
the Schwarzschild time t is an observer at rest with respect to the black hole and thus,
from the equivalence principle, it is locally equivalent to an accelerated observer in at
spacetime. This acceleration goes to innity as the observer approaches the event horizon,








will be negligible everywhere outside the black hole, except very close to its event horizon.

























Plugging this into the Einstein equations with right-hand-side given by Eq. (1) one
obtains [10] for an uncharged black hole




































Plugging Eq. (1) into Eqs. (4) and (5) gives












































































































Let us study the equations of motion of a test particle in this corrected metric [11]



























where  is the parameter of the geodesics, J is the angular momentum of the particle's orbit


















































Plugging into this equation the corrected metric Eqs. (6) and (7), we observe that a new
feature appears with respect to the pure Schwarzschild metric case. Namely, the infalling
particle does not reach the horizon (not even asymptotically), but it is stopped by a repulsive















) = 0: (12)
From Eq. (7) we obtain
r
m















which is the minimal distance a test particle at rest can be from the event horizon in
schwarzschild coordinates.
The dynamics of an unperturbed circular string lying in the equatorial plane of the black


















is the inverse of the string tension.
In Fig. 1 we plot r
2
a(r) that determinates the string motion. There we nd a stable
static solution ( _r = r = 0) at a radius r
m









) = 0 ; (15)
generalization of Eq. (12) valid for a test particle.
This can be solved for our corrected metric (7) and we obtain practically the same
result given by Eq. (13). Thus, as seen by an observer at innity, an infalling string stops
its collapse at a distance  from the event horizon located at 2M (in the Schwarzschild
coordinates). This is, again, something that would not happen in the pure Schwarzschild
background (see however Ref. [13]).
One can also study the dynamics of a relativistic bosonic membrane in this background
[14]. A spherical membrane infalling radially can be described [15] by the following equation














= 0 ; (16)















where T stands for the membrane tension.
In Fig. 1 we plot r
4
a(r) that determinates the membrane motion. We also nd a stable
static solution ( _r = r = 0) at a radius r
m










) = 0 : (18)
From this condition, for our corrected metric (7), one obtains practically the same result
given by Eq. (13). Thus, as seen by an observer at innity, a relativistic membrane halts its
collapse at a distance  from the event horizon, something that, again, would not happen in
the pure Schwarzschild background.
For all the three, test particle, string and membrane, the observer at innity sees that





takes the tiny value =16. We have thus provided a physical mechanism (vacuum
polarization) that generates a \stretched horizon" and would also give the scale of the so
called, horizon width due to quantum uctuations.
Let us now turn to the propagation of elds in the back-reaction-corrected metric. 't
Hooft [16] has computed the quantum corrections to the black hole entropy by counting the
number of classical eigenmodes of a scalar eld outside the event horizon. He immediately
noted the appearance of an ultraviolet divergence in the entropy as one approaches the
counting of modes to the horizon, and discussed the need of imposing a short distance
cut-o. To handle this problem, 't Hooft proposed a brick wall model (see Ref. [17] for
the D-dimensional generalization) and assumed that the wave function of the scalar eld













Recently [18{23] there have been several attempts to compute the entanglement entropy,
S =  Tr [ ln ] by considering a scalar eld in its ground state and compute its density
matrix,  = j	 >< 	j, where one has traced over the eld degrees of freedom in a region of
space that represents the interior of a black hole.
Several [18{23] more or less independent computations of the entangle entropy agree in
obtaining, as described just above, the proportionality to the area of the surface dividing the
known from the unknown region and the 1=h
2
ultraviolet divergence, where h is the minimal
distance to the horizon we reach in counting modes of the external eld, typically given in






where  ranges from [22] 360 to essentially [23] 4.
In a forthcoming article [24] we stress the fact that the entanglement entropy, computed
as above, in curved spacetime appears to be observer-dependent. In fact, in practically
all computations only the Schwarzschild time or even the Minkowskian time have been
used. In this case, it is clear by the discussions made for introducing the Boulware vacuum
that the divergence in the entropy has the same origin than that of the energy-momentum
tensor. Thus, the at background approximation, implicitly assumed in these works, breaks
down and back reaction eects must be taken into account. Eventually, the divergence can
disappear by appropriately choosing the slice of time (or, equivalently, the observer).
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We can apply our back reaction induced cut-o to the computation of the black hole
entropy. Let us consider the propagation of a scalar eld, this time not in the Schwarzschild
metric, but in the improved one given by Eqs. (3), (6) and (7).


































































In Fig. 2 we plot the eective potential (22) that explicitly shows the appearance of the
brick wall.
The eective computation of the black hole entropy will go essentially in the same way as
in the 't Hooft paper [16], but here a physical (as seen by static asymptotic observers) brick
wall will appear due to back reaction eects at a distance  from the event horizon given
by Eqs. (13). Plugging this cut-o into expression (20) for the entropy we would obtain a




On the other hand, if we consider things as seen by an infalling observer, nothing special
es expected to happen near the horizon. Consistently, the corresponding vacuum in which
to compute the mean value of the energy-momentum tensor would be the Unruh [25] or




> when evaluated at the horizon. Now, a computation of the entropy should generate
a nite result. The two dierent views of the the observers are conciliated by invoking the
complementarity principle [2,3].
It is honest to stress that being   l
Pl
we cannot trust very much our one-loop semi-
classical computation of the back reaction eect. It would be much better to have a self
consistent solution to account for such eects, but is is also true that this is much harder
to do. Let us take instead the above computations as an exercise to see what could happen
when back reaction eects are considered and, more generally, to stress the relevance of the
observer-dependent nature of any computation of the black hole entropy.
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FIGURES
FIG. 1. Here we plot V (r) = r
n
a(r) that determines the radial motion of a test particle (n = 0),
string (n = 2) or membrane (n = 4). With a continuous line we denote the result of considering the
corrected metric, Eqs. (6) and (7), and with a doted line those of the Schwarzschild background.
We observe that now the particles, strings and membranes nd a repulsive core of radius 2M + 
where will be practically stopped. The minimum of V (r) will be very close to r = 2M and the
value of V (r
min
) depends on , that in this gure we have taken equal to 0:1 to have a well visible
eect, but in general  will be much smaller than this value.
FIG. 2. This gure shows the eective potential of the l = 0 mode of a scalar eld in the
corrected metric (6) and (7), denoted by the continuous curve. Analogous results are obtained for
the l = 1; 2; ::: modes. The dashed curve represents the usual Schawrzschild case. A maximum of








=M = 8=3. The minimum of V
e
will be
very close to 2M , but its value depends on  that in this gure we have taken equal to 0:01.
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